In this article, the collective response of the spins is explored through low field bulk magnetic measurement for the series YMn2−xCrxO5 (x= 0.0, 0.05). Low field ac susceptibility and dc magnetization of YMn2O5 shows multiple transition in analogy to those observed in electrical measurement of the compound. Using various time dependent magnetization protocols it has been observed that the behavior of spins in commensurate and incommensurate phase are drastically different. YMn1.95Cr0.05O5 undergoes a ferrimagnetic ordering with an enhanced magnetic ordering temperature as compared to the parent, which undergoes an antiferromagnetic ordering. Appearance of spontaneous magnetization without any major change in the atomic structure is rather significant since the parent compound is an important multiferroic material. In addition, magnetic memory effect is observed in the Cr substituted compound whereas it is absent in the parent compound.
I. INTRODUCTION
In the field of condensed matter physics study of materials exhibiting functional properties have emerged as one of the topic of great current interest. In this context, multiferroics (a compound that exhibits multiple longrange ordering among magnetic, electric and/or elastic properties) have been the subject of extensive research in recent years, both from the viewpoint of technological applications and the underlying physics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In these materials electric polarization can be switched by magnetic field and magnetization by an electric field, a property useful for application in magnetic storage media and spintronics. Also the interesting physics associated with the mutual coupling between electric, magnetic and lattice degrees of freedom is worth probing. In these context it should be noted that there exists different mechanism of ferroelectric ordering in different types of ferroelectrics 13 , but the origin of magnetic ordering is same for all cases and is due to an exchange interaction of predominantly localized magnetic moments. However due to contrasting requirements (i.e. empty d orbitals for ferroelectricity and partially filled d orbitals for magnetic ordering) materials exhibiting multiferroicity are not so common.
In systems known as improper multiferroics, magnetic ordering induces ferroelectric ordering, giving rise to the possibility of strong coupling of ferroelectricity with magnetic ordering. In this family, the ferroelectric transition temperature lies below the magnetic ordering temperature, as generally observed in RMn 2 O 5 (R = rare earth ions) series. [14] [15] [16] [17] [18] [19] [20] Here phenomena like incommensurate magnetic ordering along with spin frustration, lock in transition and ferroelectricity is observed within a short temperature interval. Generally all these materials on cooling below antiferromagnetic transition temperature, undergo multiple phase transitions involving changes in magnetic propagation vector k = (k x , k y , k z ) and the changes often coincides with pronounced anomalies in temperature response of dielectric constant, polarization, magnetization and specific heat.
In this family, YMn 2 O 5 have emerged as an interesting candidate to study the multiferroics properties as Y 3+ ion is non-magnetic and the observed ordering is only due to Mn moments. In this system the study of spin behavior as temperature is varied is simplified due to absence of any interference from the rare earth site. For this purpose probes like low magnetic field and Mn site substitution can be useful tools. Even though extensive studies on YMn 2 O 5 have been carried out using bulk as well as microscopic probes 4, 8, 9, [18] [19] [20] , investigation using above mentioned route are lacking in literature. Low magnetic field measurement are useful to distinguish the magnetic state of an inhomogeneously magnetized systems, while large applied fields can mask the intrinsic signatures. In addition, in colossal magnetoresistance manganites there are reports that substitution of Cr at Mn site can lead to a supression of antiferromagnetism in the parent compound and make the system ferromagnetic. 21 But this route of investigation is rarely explored 22 in this family where there can be a possibility to have a compound where there is a coexistance between ferromagnetism and ferrroelectricity.
Hence, in this paper, through bulk magnetic measurement we have investigated the magnetic properties of the series YMn 2−x Cr x O 5 (x = 0.0, 0.05). The main observation of this study are (i) signature of transitions observed from electrical measurements (which are extensive in literature) are reflected in low magnetic field studies of ac susceptibility and dc magnetization, ii) magnetic relaxation measurements brings out the differences in the spin behavior in the commensurate (CM) and incommensurate (ICM) phases, which coexists within a small temperature interval, and iii) introduction of Cr changes the magnetic ordering from antiferromagnetic to ferrimagnetic in the doped compound with an enhanced mag-netic ordering temperature. Moreover, this substitution also bring in intriguing features like magnetic memory effect in the system. to it in such a way that the metal ion to TEA ratio is maintained at 1:2:2 (Y: Mn: TEA =1: 2: 2). The viscous solution of TEA-complexed metal nitrates is evaporated on a hot plate with constant stirring. After complete dehydration, the nitrate themselves are decomposed with the evolution of brown fumes of NO 2 leaving behind organic-based, black, fluffy powders, which is the precursor powders. The dried carbon rich mass is grounded to fine powder and is calcined at 950 0 C for 24hrs. The sample is then pelletized and heated in O 2 atmosphere at 1100 0 C for 36hrs. X-Ray diffraction (XRD) was carried out using Rigaku Rotaflex RTC 300 RC diffractometer with CuKα radiation. All the samples are seen to be single phase and the pattern collected is analysed by the Rietveld profile refinement, using the profile refinement program by Young et al. 24 AC susceptibility is measured using a homemade susceptometer 25 and dc magnetization measurements in a commercial 14T vibrating sample magnetometer (M/s. Quantum Design, USA).
All the samples crystallize in orthorhombic structure (Pbnm). Table 1 summarizes the relevant structural parameters obtained by fitting the powder XRD data by rietveld refinement. The Cr substitution does not introduce any significant structural distortion as is observed from lattice parameters summarized in Table 1 . Temperature response of the real part of ac susceptibility (χ 1 R ) of the compound shows two peaks at ≈ 48K and 36K (Fig. 1a) . Zero field cooled magnetization (ZFCM) and field cooled magnetization (FCM) as a function of temperature measured in 200 Oe static magnetic field is shown in figure 1b. Analogous to the previous case, ZFCM curves shows two peaks, but at ≈ 42 and 34K. The differences in the peak temperatures between ac susceptibility and dc magnetization arises because of the differences in probing time scale of these two measurements and hence due to the consequent differences in the dynamics being probed. Also, it can be said that a higher value of dc magnetic field shift the peak down in temperature. Hence it can be said that the multiple phase transitions (involving changes in magnetic propagation vector) is sensitive to the applied magnetic field. (It is also to be noted that generally, the magnetic and ferroelectric transition temperature of different members of RMn 2 O 5 family is found to vary between 39-45K and 32-39K respectively 26 ). In our case, the peak at the higher temperature is associated with the ordering of Mn moments while that the lower one correspondence to lock-in temperatures associated with ICM-CM transition. The sequence of ordering observed in this compound is similar to isostructural TbMn 2 O 5 where the magnetic structure is incommensurate [k=(≈0.50, 0, 0.30)] immediately below magnetic ordering temperature (≈43K) and become commensurate with k=(≈0.50, 0, 0.25) on cooling through the lock in temperature at 33K. 5 Coming back to figure 1b, it is observed that in YMn 2 O 5 FCM continuously rises as temperature is reduced, with the bifurcation between the ZFCM and FCM curves starting from 42K. Such a behavior of FCM curve indicates the absence of canonical spin glass or superparamagnetic behavior as for such cases FC curves saturates and shows a temperature independent behavior. This fact is further substantiated from frequency dependence of the real part of AC-χ (Fig 1c) , which shows absence of shift in peak temperature with frequency indicating absence of metastable magnetic behavior. Temperature response of AC-χ at different fields (Fig 1d) demonstrates a lack of field dependence along with unchanged nature of the peaks indicating absence of magnetic clusters in the sample (and also indicating that the magnetic ordering is long ranged). It is to be noted that the presence of clusters results, in the change of shape of the peak with the variation of ac field. Hence from the above measurements, it can be said that the signatures of multiple phase transitions (involving changes in magnetic propagation vector) of YMn 2 O 5 is also reflected in low field magnetic measurements.
B. Investigation of spin behavior of YMn2O5 through time dependent magnetization measurement
As stated before, the magnetic structure of the compound below the antiferromagnetic transition temperature is ICM whereas it becomes CM on cooling below ≈34K. On further cooling below ≈20K, a new type of ICM phase reappears. 8 In the ICM case, each of the magnetic atoms in the unit cell has an independent spin density wave (SDW) i.e. its own amplitude and phase and there is no phase relation between the SDW's of different atoms. The phase contains variable mixtures of different configurations as it results from reversal of AFM zigzag chains along a-axis which give rise to four possible magnetic configuration per Mn 3+ /Mn 4+ layer. 5 In CM case the phase on each crystallographic site within the chain is fixed in such a way that the moments follow a simple harmonic modulation. Hence it can be said that in the CM case all the atoms undergoes a similar type of alteration whereas in ICM case the modification among the neighboring atoms is not identical. Hence due to the presense of different types of spin configurations it would be very interesting to observe the nature of decay in magnetization through thermoremanent magnetization (TRM) measurement at different temperatures (three different temperature regions ≈ 48-32K, 32-20K and below 20K). Each of the relaxation isotherms is obtained by cooling the sample in an applied field of 10kOe from 150K (the paramagnetic regime) to the measurement temperatures. The applied field is switched off at the temperature and magnetization decay is noted for the observation time of 3hrs. Among the various functional form that have been proposed to describe the change of magnetization with time, the relaxation at 35K and 25K is best represented by stretched exponential function given by
while those at 15K and 2K is described quantitatively by the superposition of a stretched exponential and a constant:
In the above equations τ is the characteristic relaxation time, and M 0 , M 1 and 'n' are the fitting parameters. Fig. 2a shows the magnetization vs. time at different temperatures and the solid lines are the best fits of the experimental data. The fits yield a very good χ 2 (≈ 10
-10 −7 ) and small error bars in the fitting parameters. These values are compiled in Table 2 . The initial magnetization (= M 0 + M 1 ) is seen to increase with decreasing temperature as is expected from the temperature dependence of FCM curve. From the value of τ it can be said that the relaxation time of spins in the ICM phase is more than that in the CM phase, while a faster relaxation is observed in the new ICM phase below 20K. Hence from the above measurement it can be said that the diverse transitions present in the system results in different spin configuration leading to different relaxation dynamics. The observed different types of relaxation dynamics seems to be consistent to those observed for reentrant compounds where the system enters an ordered ferromagnetic phase from a random paramagnetic phase and on further lowering of temperature re-enters once again into a new random phase. The relaxation behavior in reentrant phase is best described by a stretched exponential function and a constant. 27 In our case, the relaxation behavior at 15K and 2K (ICM phase) being best described by stretched exponential function and a constant is consistent to that observed for re-entrant systems.
To further investigate the difference in spin dynamics of ICM and CM phase, temperature dependent TRM measurements are done. 28 The sample is cooled from 200K to 38K in the ICM phase in zero field. At 38K the field (500Oe) is switched on and magnetization is noted for time t1 (1 hr). The sample was then warmed in same constant field to 42K and TRM is measure for time t2 (1 hr). Then the sample is cooled back to 38K in constant field and TRM is measured for time t3 (1hr). The same exercise is repeated in the CM phase with the measurement temperature being 22K, 26K and 22K. The curves are shown in figure 2b and 2c. In CM phase during t1 the curve shows an immediate rise followed by steady growth after the field is switched on. During temporary heating the magnetization value rises and a steady growth is observed at 26K. The relaxation curve at t3 is weak and the magnetization starts from a value it reached at the end of t2 as the FC values at 22 and 26K are almost similar. Hence the observed change in the magnetization values is in accordance to ZFCM and FCM curves. However the magnetization behavior in the ICM phase is quite different even though the measurement protocol is similar. In this phase the observed growth during t1 is less than that observed in the CM phase (i.e. at 22K). During t2 the relaxation is weak and magnetization value falls, which is not in accordance with the ZFCM curve. During t3 the magnetization rises to a value much higher than it reached at the end of t1 and a growth in magnetization with time is observed. Hence the above measurement in the two phases is quite contrasting, which brings out the differences in the spin arrangements in the CM and ICM phases, which coexists within a small temperature interval.
Further, to get a better insight about the magnetic phases in the system, memory experiment under FC protocol is performed. In the experiment the sample is cooled from 300K in 100Oe with intermediary stops at the selected temperature of 45K, 35K and 25K for 2hours with the field switched off. At 45K, the magnetization becomes almost zero as the field is switched off. Moreover no decay is observed during the waiting time indicating the absence of relaxation effect and when the field is switched on magnetization value reaches same value it had before the waiting time. At the lower waiting temperatures aging effect is observed due to the presence of relaxation dynamics. After the waiting time at all temperatures, as the field is switched on it rejuvenates and returns to the zero age configuration. However on the warming cycle no memory of the wait temperatures is observed, which is a common feature for glassy systems. Hence the above measurement rules out the presence of magnetic clusters (along with glassy features) and brings out the atomic nature of spin arrangement in the sample; as the existence of clusters of spins will not allow total rejuvenation of the system. C. Change in nature of magnetic ordering in the compound YMn1.95Cr0.05O5 Figure 3a shows the temperature response of χ 1 R of the Cr doped compound. A sharp step is observed around 56K which is followed by a peak at ≈ 33K, as the temperature is decreased. The ZFCM and FCM curves (at 200 Oe) of the compound as a function of temperature are shown in figure 3b . The features observed in low field ac susceptibility is completely changed in dc-magnetization and broad hump is observed in ZFCM around 27K, implying that higher magnetic field (even the field of the order of 200 Oe) suppresses the finer features in the sample. The bifurcation between the ZFCM and FCM curves starts ≈ 56 K, implying that this is the magnetic ordering temperature. This is also inferred from the d(M/H)/dT verses temperature plot which shows a peak around 56 K (not shown). Moreover, it is to be noted that absolute values of magnetization for YMn 1.95 Cr 0.05 O 5 is significantly higher than that of the parent compound. Hence it can be said that Cr substitution in YMn 2 O 5 , results in an increase in magnetic ordering temperature along with an increase in magnetization value. This fact is further substantiated from the MH isotherm at 10K, as shown in figure 3c . It is observed that with the Cr substitution the nature of curvature of the isotherm changes along with the increase in magnetization value. All these clearly indicate that the nature of magnetic ordering undergoes a major change with Cr substitution. Therefore, to discern the nature of magnetic ordering in YMn 1.95 Cr 0.05 O 5 , temperature response of the real part of 2nd order of ac susceptibility (χ 2 R ) is studied. It is a well known fact that, χ 2 R arise due to the presence of a symmetry-breaking field and is only observed in the presence of external static magnetic field or in materials with permanent magnetization (internal field) like in ferromagnets or ferrimagnets and is absent in antiferromagnet or paramagnets. The χ 2 R is totally absent when measurements were done on YMn 2 O 5 , as expected because the compound undergoes an antiferromagnetic ordering. In contrast, a sharp peak is observed around 55K for YMn 1.95 Cr 0.05 O 5 , when temperature response of the χ 2 R is noted ( figure 3d ). Presence of a significant χ 2 R signal near the magnetic transition temperature even in absence of external DC field supports the presence of symmetry breaking internal magnetic field. This symmetry breaking field appears from the spontaneous magnetization which is a consequence of uncompensated sublattice magnetization of ferrimagnetic system. In this context, it is to be noted that magnetization remains unsaturated even upto 100 kOe at 10K and it increases linearly with increasing field (inset fig 3c) . This non saturation of magnetization at higher field is a typical character of ferrimagnetic system and is also observed in other ferrimagnets. 29 Hence from this measurement it can be said that substitution of Cr in YMn 2 O 5 induces ferrimagnetic ordering in the compound. The hump observed at lower temperature ≈ 33K in χ 1 R might correspond to lock-in temperature associated with the ICM-CM transition, similar to the parent compound. In addition a peak in χ 2 R is observed around 35 K, possibly due to some symmetry breaking field arising out of Cr substitution. It can be said that this compound serves as a rare demonstration where there is a possibility of coexistence between ferrimagnetic ordering and ferroelectricity.
Further, similar to the parent compound, memory experiment is performed on YMn 1.95 Cr 0.05 O 5 with stopping at 35K and 25K (shown in Fig. 4 ). Aging effect is observed at both the waiting temperatures but unlike the parent compound the system does not rejuvenates to the zero age configuration when the field is switched on after the waiting time. During the warming cycle a distinct step like feature is seen only around 25K, while no such characteristic is observed around 35K. This implies that the system remembers its thermal history at 25K i.e. in the commensurate phase while in the incommensurate phase (i.e. at 35K), it is erased. The contrasting memory effect in the parent and the Cr substituted compound might arise possibly due to the presence of disorder in form Cr which introduces random interaction (both magnetic and electric) in the system.
IV. CONCLUSION
In summary, low field magnetic studies of two compounds YMn 2 O 5 and YMn 1.95 Cr 0.05 O 5 are carried out. It is shown that, in the parent compound, the evidences of multiple phase transitions involving changes in magnetic propagation vector are clearly reflected in low-field magnetic measurements. Through various time dependent magnetization protocols it is observed that the spin arrangements in the ICM and CM phase is different. Substitution of Cr at the Mn site changes the magnetic ordering of the parent compound from antiferromagnet to ferrimagnet with an enhanced ordering temperature. Direct evidence of appearance of spontaneous magnetization on Cr doping is given through observation of second order susceptibility. This observation in the Cr substituted compound arises due to magnetic interactions between Mn and Cr ions, without any significant change in structure. Moreover it give rise to memory effect of YMn 1.95 Cr 0.05 O 5 while such a feature is absent in the parent compound. Thus, this opens up a possible route to bring in the coexistence of ferroelectricity with ferromagnetism/ ferrimagnetism.
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